ABSTRACT
N analysis. Two potential problems with diffusion are nonquantitative N recovery and isotopic fractionation. These are most likely to have significant effects for low-N-content samples. We evaluated the ability of a diffusion method to accurately prepare low-N (<1000 ug N), high-volume (55 mL) simulated acidic digest samples and quantified sinks for N in the diffusion system. This diffusion system trapped N on an acid-impregnated glass fiber disk suspended above the sample solution. The 1S N/ 14 N isotopic ratio of N recovered on the disk declined linearly as the quantity of N in the original sample solution decreased below 500 ug N. Nitrogen-15 values adjusted for contamination detected in reagent blanks still differed significantly from nondiffused reagent blanks. Significant sinks of N other than the acidified disk existed despite efforts to minimize them. The method produced unexplained changes in isotopic composition of the sample. These results emphasize the importance of thoroughly evaluating any NH 3 diffusion technique with representative sample types in each laboratory before adoption of the technique for routine use. In addition, we recommend standard curves as a more robust method for adjusting 15 N values for errors associated with diffusion.
T HE USE OF DIFFUSION TECHNIQUES to prepare samples for determination of 15
N concentration has recently been encouraged (O'Deen and Porter, 1979; Turner and Bergersen, 1980; MacKown et al., 1987; Brooks et al., 1989; Kelley et al., 1991; Liu and Mulvaney, 1992) .
Diffusion techniques are attractive because they eliminate crosscontamination and require less operator skill and time than sample preparation by distillation (Hauck, 1982) . Conway (1957) outlined fundamental principles of diffusion techniques. Diffusion rates increase with increased pH, increased temperature, reduced depth of the sample solution, increased surface area of the sample solution, and increased ionic strength of specific ion's (e.g., K, Na, COs, and OH) in the sample solution. Conway (1957) noted that the rate-limiting processes in a diffusion system are movement of NHa through the was described by Brooks et al. (1989) . They reported success concentrating N from 2 M KC1 soil extracts using Devarda's alloy and MgO to reduce NOa and liberate NHs. They tested sample masses between 70 and 508 ng N and recommended using the system for sample volumes up to 60 mL. They suggested that the system be tested if a different matrix is to be used. Subsequent work has demonstrated that 15 N values determined with this system deviate from expected values (Kelley et al., 1991; Liu and Mulvaney, 1992) . These latter authors reported success adjusting diffused I5 N values based on contamination detected on diffused reagent blanks.
Our objective was to test the method of Brooks et al. (1989) for low-N (<1000 ug N), high-volume (55 mL) simulated Kjeldahl digest samples. The nature of these samples makes them susceptible to the problems associated with the diffusion process and isotope analysis. Low-N, high-volume samples are encountered in soil percolates or solutions, Kjeldahl digests of low-N-content soils, and Kjeldahl digests of small unique samples, such as rhizosphere soil, plant tissues, or plant extracts.
METHODS AND MATERIALS

Diffusion Procedure
All experiments used modified versions of the diffusion method described by Brooks et al. (1989) . The following methods and materials were used unless otherwise noted.
Ammonium sulfate with a known 15 N concentration was added to 35 mL of 2.6 M H 2 SO 4 in a 140-mL disposable polypropylene specimen container with a screw lid (Lamda Lab Supply Service 1 , Chicago, IL). The acidity of the sample was chosen to approximate that of semimicro-Kjeldahl digests (Bremner and Mulvaney, 1982) diluted to 35 mL for analysis. A glass fiber disk (GF/D, Whatman Int. Ltd., Maidstone, England) formed with an 8-mm-diam. paper punch was impaled with an acid-washed stainless steel wire (no. 308, 0.6-mm diam.) and suspended above the sample in the cup. Sufficient rfeSCX was added to the disk to ensure capture of all N in the sample but not make the sample too acidic for 13 N analysis (Table 1) . Twenty milliliters of 10 Af NaOH was poured slowly down the side of the container to reduce mixing, the container was quickly capped, and the cap was firmly tightened. This process minimized losses of sample N through NH 3 volatilization before the container was capped. Final volume for the sample during diffusion was 55 mL. Contamination during handling was minimized by wearing latex gloves and handling the wires and disks only with forceps.
After 3 to 5 d, "swirled" containers were tipped and slowly rotated so sample solution rinsed the sides of the cup with the ' Names are necessary to report factually on available data; however, the USDA and the Univ. of Minnesota neither guarantee nor warrant the standard of the product, and the use of the name by the USDA and Univ. of Minnesota implies no approval of the product to the exclusion of others that may also be suitable. N) were evaluated in samples containing 100, 300, and 1000 ng N. Samples were not swirled and were diffused on a lab bench at room temperature. The experiment was conducted twice (one to three replicates of most treatments each time) and data were combined for analysis. We did not determine total N content on the disks. Means were compared using general linear models and Tukey's honestly significant difference (SAS Institute, 1987) .
Abbreviations
Experiment 2
Four replicates of simulated acidic digests containing 100, 200, 300, 400, 500, and 1000 ng N at 0. . Linear regression was used to estimate regression coefficients (SAS Institute, 1987) . We did not determine total N content on the disks.
Samples containing 100 ng N in 55 mL of deionized water or 55 mL of 2 M KC1 also were diffused. The method was the same as described above except that 2.1 g of MgO was added instead of NaOH, and a small stir bar was placed in the container. After addition of MgO and tightening the screw cap, the sample was thoroughly mixed on a stir plate. Samples were incubated as above, including swirling after 3 d. These were compared with diffused acidic samples containing 100 Ug N, and to nondiffused (NHt^SCX at 170 and 500 mg N L~'. Means were compared using analysis of variance and Tukey's honestly significant difference (SAS Institute, 1987) .
Quantification of Potential N Sinks and Sources
Experiment 3
Nitrogen was quantified on the disk and the sides (above the solution level) of the diffusion cup in swirled and nonswirled samples for samples containing 1000 ng N. One-half of the samples were swirled after 2 d. Background N contamination from reagents, atmosphere, and parts of the diffusion system was accounted for by diffusing solutions with no added N.
Nitrogen on the disk and sides was quantified by distilling samples with 5 mL of 10 M NaOH, capturing the NH 3 in H 3 BO 3 indicator solution, and titrating with standardized H 2 SO4. The sides and disks were analyzed separately. Disks were placed in a 100-mL distillation flask and NHi adhering to the wire was rinsed from the wire into the flask with 5 mL of deionized water. The sides were analyzed by (i) marking the level of the sample on the side; (ii) drilling a hole in the bottom of the cup; (iii) draining the sample; (iv) rinsing the sides below the sample level with deionized water through the hole; and (v) rinsing the sides above the sample level into a flask for distillation. Means were compared using /-tests (SAS Institute, 1987) .
Experiment 4
Nitrogen was quantified in four possible sinks of N in swirled diffusion systems: the disk, sides, cap, and solution. Two sample solutions were used: (i) matrix containing 2.6 M H 2 SO 4 , approximating the acidity of a semimicro-Kjeldahl digest diluted to 35 mL (used in the previous experiments); or (ii) matrix containing 0.18 M K 2 SO 4 and 2.6 M H 2 SO 4 , approximating both the acidity and the ionic strength in a semimicro-Kjeldahl digest (Bremner and Mulvaney, 1982) diluted to 35 mL of analysis. There was visual evidence of incomplete mixing of the base and acid after 3 d for many samples in this run so the samples were gently agitated overnight to complete mixing and were swirled on Day 4.
Sinks of N were quantified by distilling samples with 1 . 1 g MgO, capturing the NH 3 in H 3 BO 3 indicator solution, and titrating with standardized H 2 SO 4 . Three samples were combined for each analysis of the caps, sides, and control disks; disks containing sample N were distilled individually; a 15-mL aliquot of the solution was analyzed. Analysis of each sink was replicated six times, using a total of 18 specimen cups.
Disks and the stainless steel wire were placed in the distillation flask and 5 mL of deionized water was added. The sides were analyzed as in Exp. 1 . The internal surfaces of the caps were rinsed three times with deionized water and the rinsate was distilled. Magnesium oxide was added to the 15-mL aliquots of the sample solution for distillation. Background contamination from distillation reagents was measured in distilled, deionized water blanks. Means were compared using general linear methods and /-tests (SAS Institute, 1987) .
Possible contamination of new specimens cups was tested by comparing extracts from acid-washed cups with extracts of nonwashed cups. Nitrogen was extracted quantitatively from eight cups using 45 mL of 2 MKC1 and analyzed by distillation. There were four replicates of each treatment, and results were compared with reagent blanks using analysis of variance (SAS Institute, 1987) . N concentration were found between samples with low and high N content. In a practical sense, however, potential loss of data and the high CV of low-mass, high-volume samples made the method unacceptable.
Estimating
We observed that after adding the strong base and capping the sample, the exothermic reaction produced moisture that condensed on inner surfaces of the cup during cooling. If air temperatures in the lab decreased during diffusion (significant temperature fluctuations are common in our old building), further condensation occurred. The added NaOH initially settled to the bottom of the cup and 1 to 2 d was required for the acid and base to fully mix.
RESULTS
Influence of NHt and
N Concentration on the Isotope Ratio Analysis of Diffused N Experiment 1
The isotopic ratio of 15 N trapped on the disk was apparently affected by the initial mass of N in solution (Fig. 1) . Coefficients of variation increased as sample mass decreased; the CV of 100-pig N samples averaged 3.2% whereas the CV of 1000-ng N samples averaged 0.9%. Non-diffused samples had a CV of 0.6%. Insuffi- 
Experiment 2
Swirling the high-pH sample solution onto the sides of the cup and diffusing the samples at a constant temperature resulted in relatively uniform CVs for all N masses diffused (average CV = 0.40%) in Exp. 2.
Diffused 100-(j,g N samples averaged 0.0268 atom % 15 N lower than nondiffused control solutions ( Table 2 ). The solution matrix had no effect on 15 N values of the diffused samples (Table 2) . To obtain this result by contamination alone, an addition of 4.9 ug N at natural abundance (0.366 atom % (Fig. 2) . The decrease in 15 N concentration with decreasing sample mass below 500 ug N was best described by a linear model (reject lack of fit, a < 0.05); contamination with a constant mass of N (4.9 or 0.6 ug N) would result in a curvilinear effect on diffused 15 N values (Fig. 2) . The discrepancy between the predicted effect of contamination and the deviation of diffused samples from the nondiffused controls implies that contamination was not the only process affecting 15 N values. 
Quantification of Potential N Sinks and Sources in the Diffusion System Experiment 3
Nitrogen on the sides of nonswirled cups ranged from 7 to 150 jig N (mean = 69 ng N). Swirling reduced the amount of N retained on the sides of the diffusion cup after diffusion to 3 ug N (SD = 4). Swirling 1000-|o,g N samples increased recovery of N on the disk from 912 (SD = 41) to 987 ug N (SD = 9). Even with swirling, the quantity of N recovered on the disk was significantly less than 1000 u^ (P< 0.01). Disks diffused with no added N contained 6.7 |ig N.
Experiment 4
All surfaces of the swirled diffusion cup were analyzed for N (Table 3) . Recovery of 1000 ng N on the disk appeared quantitative after adjustment for N on the control disk. However, N also was recovered on the caps of most diffusion systems and the sides of diffusion systems containing K 2 SO4. Presence of N on the caps of control cups after diffusion implies that the disk does not trap all die N in the system. No N was recovered from either acid-washed or nonwashed, unused diffusion cups (P = 0.71). Sample N increased the quantity and variability of N recovered on the caps (Table 3) . These results imply that sample N is retained in sinks other than the disk.
DISCUSSION
The tendency in Exp. 1 for the isotopic ratio of N captured on the disk to move toward natural abundance with smaller N mass (Fig. 1) In Exp. 2, adjusting for contaminant N on the disk (Kelley et al., 1991) did not account for all discrepancies between diffused samples and nondiffused standards. A constant rate of contamination among samples would have caused nonlinear relationships (depicted by the dashed curves in Fig. 2 for the unadjusted means). Estimates of disk contamination based on 15 N relationships between the disk and nondiffused samples (4.9 jig N) or reagent blanks (0.6 ug N) failed to describe the deviation of the diffused samples from the controls. Contamination of the disk with natural-abundance N also cannot explain the overestimation of 15 N concentrations for 500 and 1000 u,g N samples (Fig. 2) .
The presence of sinks other than the disk in the container provides a second mechanism that may affect N values. Nitrogen was not detected on cup surfaces before diffusion began, but measurable amounts accumulated during diffusion. An N sink on the cap of the diffusion container provides a mechanism by which isotopic discrimination may take place as NH 3 moves from sink to sink. At the end of the diffusion period, the isotopic ratio of N on the disk will be affected by N trapped on the cap if they have different atom % 15 N. Alternate sinks to the disk are likely to have a higher atom % 15 N than the disk because water droplets on the sides and cap of the container will continue to exchange NH 3 with the gas phase, thereby enhancing isotopic discrimination, whereas the disk effectively limits exchange because excess protons are present. (Kelley et al., 1991; Liu and Mulvaney, 1992) . This approach is called into question by two observations: (i) alternate sinks for NH 3 are present in the diffusion system; and (ii) quantitative recovery of N on the disk is not assured from experiment to experiment. For the recommendations of Kelley et al. (1991) and Liu and Mulvaney (1992) to be sufficient, it must be demonstrated that the disk is the only significant sink for N in the diffusion system and that the estimated contamination affects a known quantity of sample on the disk. The variable amounts of N recovered on control disks in our experiments indicates that contamination may vary from run to run within a laboratory. This technique is subject to many sources of potential error, can produce inconsistent results, and should be tested thoroughly before adoption.
We recommend that isotopic ratios of sample unknowns be adjusted based on diffused standards of a similar mass and 15 N concentration (a standard curve approach). Standard curves should be included in each diffusion run to account for differences in recovery and alternative sinks. This process can be facilitated by standardizing the quantity of N diffused and the volume of solution diffused. Nitrogen-15 standards should be included to characterize the range of all expected 15 N values at the standardized mass and sample volume. It is clear from our results that standards should be diffused even for samples with 1000 ng N. Even with these precautions, unexplained changes in isotopic composition are reason to use this method cautiously.
CONCLUSION
We provide evidence that reagent contamination on the disk is only one of the processes causing deviation of diffused 15 N values from nondiffused standards. A series of modifications and cautions have been suggested since this methodology was proposed by Brooks et al. (1989) . Many unforeseen factors can affect the repeatability of results. This method clearly requires a form of quality control that is capable of detecting unexpected results. Use of a standard curve provides the most robust approach to adjusting the atom % 15 N of diffused samples and should account for most of the unanticipated errors in diffusion analysis.
